Phosphatidylinositol phosphate kinase type 1γ (PIPKIγ) is a key enzyme in the generation of phosphatidylinositol 4,5-bisphosphate [PI (4,5)P 2 ] and is expressed at high levels in the nervous system. Homozygous knockout mice lacking this enzyme die postnatally within 24 h, whereas PIPKIγ +/− siblings breed normally and have no reported phenotype. Here we show that adult PIPKIγ +/− mice have dramatically elevated hearing thresholds for high-frequency sounds. During the first postnatal week we observed a reduction of ATP-dependent Ca 2+ signaling activity in cochlear nonsensory cells. Because Ca 2+ signaling under these conditions depends on inositol-1,4,5-trisphosphate generation from phospholipase C (PLC)-dependent hydrolysis of PI(4,5)P 2 , we conclude that (i) PIPKIγ is primarily responsible for the synthesis of the receptor-regulated PLC-sensitive PI(4,5)P 2 pool in the cell syncytia that supports auditory hair cells; (ii) spatially graded impairment of this signaling pathway in cochlear nonsensory cells causes a selective alteration in the acquisition of hearing in PIPKIγ +/− mice. This mouse model also suggests that PIPKIγ may determine the level of gap junction contribution to cochlear development.
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connexins | deafness | phosphoinositides | Ca 2+ oscillations | NF-κB C ell stimulation with a variety of agents triggers signaling cascades that involve PI(4,5)P 2 , a minor glycerophospholipid of the inner leaflet of the plasma membrane. PI(4,5)P 2 contributes to these processes by being converted into second messengers, by controlling the activity of PI(4,5)P 2 -binding proteins, or by acting as the substrate of PI(3,4,5)P 3 kinase (1). Phospholipase C (PLC)dependent hydrolysis of PI(4,5)P 2 generates the second messenger molecules diacylglycerol and IP 3 ; the latter binds to IP 3 receptors (IP 3 R) to activate Ca 2+ efflux from the endoplasmic reticulum, raising the cytosolic free Ca 2+ concentration ([Ca 2+ ] i ) (2) .
Most plasma membrane PI(4,5)P 2 is generated by phosphorylation of PI(4)P at the D-5 position of the inositol ring, a reaction catalyzed by type I PI(4)P 5-kinases (PIPKI) (1) . Distinct genes encode the three PIPKI isoforms, named α, β, and γ (note that nomenclature for the murine and human isoforms of PIPKI α and PIPKI β were previously inconsistent; in this article, the murine nomenclature is used); the three isoforms localize within different compartments and play specific roles in individual cell types, because one isoform cannot compensate for the loss of another (3, 4) . Of the three isoforms, PIPKIγ is the one expressed at highest concentration in the nervous system (5) in platelets and megakaryocytes (6) .
Knockout mice have been generated for all three isoforms of PIPKI. PIPKIα −/− mice develop normally but show increased degranulation and cytokine production by mast cells activated via the Fcε receptor (7) . PIPKIβ −/− mice have a normal phenotype except for decreased fertility; however, platelets from these mice show diminished PI(4,5)P 2 production, PLC activation, and IP 3 production after thrombin treatment (6) . PIPKIγ −/− mice, in which exons 2-6 of the PIPKIγ gene (Pip5k1c) that encode most of the catalytic region were deleted by homologous recombination, present decreased levels of PI(4,5)P 2 in the nervous system (5) . Whereas PIPKIγ +/− mice breed normally and have no obvious phenotype, all PIPKIγ −/− mice are recognizable soon after birth by their impaired motility, and they die postnatally within 24 h. The inability of these mice to feed after birth strongly suggested the occurrence of major neurological defects. Indeed, cortical neurons in primary cultures of from PIPKIγ −/− mice revealed defects in synaptic transmission that may result, at least in part, from an impairment of synaptic vesicle traffic (5) . Note that another PIPKIγ knockout mouse generated by random insertional mutagenesis exhibits embryonic lethality at midgestation (8); the reason for this discrepancy is not known.
Here we report that PIPKIγ deficiency in mice results in a sizeable and spatially graded down-regulation of IP 3 R Ca 2+ signaling along the sensory epithelium of the cochlea (inner ear) during a crucial postnatal period that precedes acquisition of hearing, which in mice occurs around postnatal day 12 (P12, where P0 indicates day of birth). This reduction of Ca 2+ signaling correlates with the appearance of a specific deafness phenotype in adult PIPKIγ +/− mice, characterized by normal sensitivity to lowfrequency sounds but a dramatic reduction of the sensitivity to frequencies in excess of 20 kHz. These data are discussed in terms of present models of inner ear development and sound perception.
Results
Hearing relies on a sensitive mechanoelectrical transduction process in the cochlea of the inner ear, in which the organ of Corti encompasses highly specialized sensory hair cells that are embedded in a matrix of supporting and epithelial cells, henceforth designated as cochlear nonsensory cells. The functional maturation of the cochlea relies not only on the differentiation of hair cells and the formation of coordinately polarized hair bundles, but also on the formation of nonsensory cell networks, which form vast functional syncytia coupling transfer of ions, signaling molecules and nutrients through gap junction channels (9) . Our recent work has linked alterations of IP 3 R Ca 2+ signaling in nonsensory cells of the developing cochlea to impaired hearing acquisition in mouse models of human hereditary deafness (10) . On the basis of the primary role played by PIPKIγ in IP 3 signaling, although no phenotype has been described in PIPKIγ +/− mice, we would predict that a reduction of PI(4,5)P 2 levels may affect the development of hearing capability. Accordingly, it seemed of potentially great interest to investigate the hearing performances of transgenic mice with PIPKIγ deficiency.
Hearing Loss in PIPKIγ +/− Mice. Initially, we examined hearing in adult PIPKIγ +/− mice by recording auditory brainstem responses (ABRs), which are electrical signals evoked from the brainstem by the presentation of sound stimuli ( Fig. 1 ). We assessed ABR thresholds in (n = 6) PIPKIγ +/− mice and (n = 4) WT siblings and found similar values for click and tone burst stimuli at 8, 14, and 20 kHz. However, thresholds where significantly elevated in PIPKIγ +/− mice compared with WT animals, by more than 12 and 33 dB sound pressure level (SPL), respectively, at 26 kHz (P = 0.003) and 32 kHz (P = 0.0002). These results demonstrate that PIPKIγ deficiency ensues in a unique phenotype of hearing loss at high sound frequencies, which are mapped onto the basal 50% of the length of the mouse cochlea (11) ( Fig. 1B) . Note that the structure of ABR waveforms, when identifiable, was well preserved at all frequencies ( Fig. 1A ). This behavior suggests normal general functioning of the nervous system and in particular of the neural elements contributing to the generation of synchronized discharges along the auditory nerve and brainstem pathway; and this is also consistent with the lack of an overt neurologic phenotype in these heterozygous mice. Confocal microscopy in adult PIPKIγ +/− mice revealed neither hair cell loss nor morphological abnormalities in spiral ganglion neurons and organ of Corti, which appeared normally innervated (SI Appendix, Fig. S1 ). In particular, the density of nerve fibers in tangential sections of the osseous spiral lamina (expressed as number of fibers per mm 2 ) was (1.6 ± 0.2) × 10 5 in WT and (1.6 ± 0.4) × 10 5 in PIPKIγ +/− mice.
PIPKIγ Deficiency Impairs Intercellular Ca 2+ Waves and Intracellular [Ca 2+ ] i Oscillations Evoked by ATP in the Postnatal Cochlea. For these experiments, we used organotypic cultures of P0-P5 cochlear tissue (SI Appendix, Fig. S2 ) prepared according to standard protocols, because this preparation preserves the architecture and functional relationships among the cells observed in vivo (12) . Cultures comprised the lesser epithelial ridge (LER), which is thought to give rise to the outer hair cells and lateral nonsensory cells, and the adjacent greater epithelial ridge (GER), which gives rise to the inner hair cells and medial nonsensory cells (13) . After overnight incubation in vitro, we loaded cochlear cultures with the Ca 2+ indicator fura-2 and performed ratiometric imaging of the cytosolic free Ca 2+ concentration ([Ca 2+ ] i ) at room temperature (22−24°C).
We and others have previously demonstrated that the binding of extracellular ATP to G protein-coupled P2Y 2 and P2Y 4 receptors, expressed on the endolymphatic surface of the developing sensory epithelium, activates PLC-dependent generation of IP 3 , which in turn triggers a regenerative Ca 2+ wave that propagates for hundreds of micrometers from the site of stimulation (14) (15) (16) (17) (18) . Using previously developed image processing algorithms (16, 17) , we examined Ca 2+ wave propagation elicited by a puff of ATP (4 μM, 50 ms) in cultures from (n = 3) WT, (n = 5) PIPKIγ +/− , and (n = 3) PIPKIγ −/− mice ( Fig. 2 A and B) . Data analysis revealed a significant reduction of the propagation index in LER cells of PIPKIγ +/− (P = 0.003) and PIPKIγ −/− (P = 0.001) cultures compared with WT cultures; the reduction was more pronounced in PIPKIγ −/− cultures, and differences between these and PIPKIγ +/− cultures were statistically significant (P = 0.011) ( Fig. 2C ). Thus, only quantitative and not qualitative differences were observed, related to this parameter, between the heterozygous and homozygous animals. In addition, because of the postnatal lethality of PIPKIγ −/− mice (5) , not only could we analyze only P0 tissues, but later alterations in cochlea physiology were prevented. Clearly complete loss of PIPKIγ may be particularly toxic for the whole organisms, whereas the reduction in the gene dosage in the heterozygote may be more informative of some key feature and specific of the enzymes for cochlear functions. Therefore, we concentrated exclusively on PIPKIγ +/− mice.
Intercellular Ca 2+ waves are often accompanied by a trail of [Ca 2+ ] i oscillations, which can also be reliably evoked by the application of extracellular ATP at nanomolar levels (16) (17) (18) . When stimulated by prolonged application of ATP (200 nM), nonsensory LER cells in cultures from P5 WT mice developed [Ca 2+ ] i oscillations that persisted for periods in excess of 10 min ( Next, we constructed ATP dose-response functions by plotting the maximal fura-2 ratio change (ΔR max ) vs. [ATP] in LER cells from P5 mice ( Fig. 3 ; each data point is the average of m = 15 cells in n = 3 cultures). In the apical turn, the dose-response of WT and PIPKIγ +/− cultures superimposed almost perfectly, with similar half-maximal effective concentration: EC 50 = 93 ± 4 nM in WT and EC 50 = 101 ± 9 nM in PIPKIγ +/− cultures. In the middle turn, the EC 50 shifted significantly from 96 ± 5 nM of WT to 353 ± 13 nM of PIPKIγ +/− cultures (P = 2 × 10 −4 ). In the basal turn, the shift was even more dramatic: from 72 ± 4 nM of WT to 448 ± 18 nM of PIPKIγ +/− cultures (P = 5 × 10 −4 ). Quantitative real-time PCR (qPCR) analysis of cochlear ducts explanted from (n = 4) PIPKIγ +/− mice at P5 showed the expected reduction of PIPKIγ mRNA level compared with (n = 4) age-matched WT controls (Fig. 3B ). The reduction in the basal turn was significantly more pronounced than in the middle and apical turn (P < 0.05), in accord with the ATP dose-response analysis (Fig. 3A) .
The question thus arises as to whether PIPKIγ reduction also affects the amplitude of the [Ca 2+ ] i oscillations evoked by ATP in the LER (Fig. 4) . Averaged waveforms had similar amplitudes in apical turn of WT and PIPKIγ +/− cultures; by contrast, amplitudes in middle and basal turn PIPKIγ +/− cultures were reduced by 24% and 22% compared with WT controls (Fig. 4 , Left; each waveform was obtained in LER cells by averaging more than 1,500 peakaligned [Ca 2+ ] i oscillations within 3 min from the onset of a 200-nM ATP application). Accordingly, distributions of [Ca 2+ ] i oscillation amplitudes in WT and PIPKIγ +/− LER cultures ( Fig. 4 , Right) overlapped in the apical turn but were shifted toward significantly lower values in middle and basal turns (P = 2.2 × 10 −16 ).
PIPKIγ Deficiency Impairs Spontaneous [Ca 2+ ] i Transients in the Postnatal Cochlea. Spontaneous [Ca 2+ ] i oscillations in LER cells are rarely observed while working with cochlear organotypic cultures at room temperature, but their frequency is drastically increased upon blockade of ectoATPases (17) . Conversely, spontaneous [Ca 2+ ] i transients were always observed in the GER (Fig. 5A ). These spontaneous events have been attributed by us and other investigators to spontaneous release of ATP (19, 20) through connexin hemichannels (21) . Not only have we confirmed these data in these GER preparations (sensitivity to ATP receptor antagonists and to connexin hemichannel inhibitors), but we could also show that focal UV photolysis of a caged intracellular IP 3 precursor in the GER evokes [Ca 2+ ] i transients similar to the spontaneous ones (Movie S1). In addition, and similarly to [Ca 2+ ] i oscillations induced by exogenous ATP in LER cells, (i) the spontaneous [Ca 2+ ] i transients showed no sign of fatigue in recordings lasting 15 min or more in the GER of (n = 3) WT cultures (SI Appendix, Fig. S3A, Left) ; (ii) the spontaneous [Ca 2+ ] i transients in the GER ceased within 5 min in (n = 3) WT cultures after addition of 200 nM thapsigargin (SI Appendix, Fig. S3A, Right) a noncompetitive inhibitor of the Ca 2+ -ATPase (SERCA) that causes the complete and irreversible depletion of Ca 2+ from the endoplasmic reticulum; (iii) the PLC inhibitor U73122 (2.5 μM) significantly (P = 0.001) and reversibly reduced the frequency of spontaneous [Ca 2+ ] i transients in the GER (n = 3; SI Appendix, Fig. S3B, Left) ; and (iv) the spontaneous [Ca 2+ ] i transients in the GER were also drastically reduced by the potent (although not completely specific) IP 3 R antagonist 2-aminoethoxydiphenyl borate (2-APB, 100 μM; n = 3; SI Appendix, Fig. S3B, Right) . Altogether, the results of these and previously published experiments (17, 21) indicate that ATPevoked [Ca 2+ ] i oscillations in the LER and spontaneous [Ca 2+ ] i transients in the GER are generated by similar mechanisms [i.e., ATP activation of P2Y receptors (by exogenous addition of ATP in the LER or local ATP release through connexin hemichannels in the GER), followed by IP 3 generation and Ca 2+ release from the endoplasmic reticulum].
The prediction can thus be made that PIPKIγ deficiency should also affect the pattern of spontaneous events in GER cells. We thus examined the frequency of spontaneous [Ca 2+ ] i transients in each cochlear turn by counting all events within the portion of the GER in the field view while imaging cultures obtained from P5 WT mice (n = 4) and age-matched PIPKIγ +/− siblings (n = 4) ( Fig.  5B) . Even considering the different areas of the GER regions along the coiling axis of the cochlea (SI Appendix, SI Materials and Methods), the 1.85-fold lower mean frequency in the basal turn with respect to the apical turn reflects a genuine reduction of spontaneous Ca 2+ signaling activity in the different GER regions of WT cultures (Fig. 5B, Left) . We then performed the same analysis in GER cells from PIPKIγ +/− cultures (Fig. 5B, Right) . In the apical turn, we found similar mean frequencies of occurrence (39 ± 4 events per minute in WT vs. 38 ± 11 events per minute in PIPKIγ +/− cultures). Differences become discernible, although not statistically significant, in the middle turn (32 ± 7 events per minute in WT vs. 25 ± 8 events per minute in PIPKIγ +/− cultures; P = 0.32). They were evident (fivefold reduction) and highly significant in the basal turn (21 ± 2 events per minute in WT vs. 4 ± 1 events per minute in PIPKIγ +/− cultures; P = 2 × 10 −4 ), in accord with the more pronounced reduction of PIPKIγ mRNA level in this turn (Fig. 3B) .
As far as amplitudes of spontaneous [Ca 2+ ] i transients are concerned ( Fig. 6) , akin to what we noticed in LER cells, averaged waveforms had similar amplitudes in apical turn GER of WT and PIPKIγ +/− cultures; by contrast, amplitudes in middle and basal turn GER of PIPKIγ +/− cultures were reduced by 21% and 33% compared with WT controls (Fig. 6, Left; waveforms were obtained by averaging 448, 385, and 389 peak-aligned [Ca 2+ ] i transients in WT cultures, 557, 392, and 62 transients in PIPKIγ +/− cultures from the apical, middle, and basal turn, respectively). Accordingly, amplitude distributions of spontaneous [Ca 2+ ] i transients in the GER of PIPKIγ +/− cultures overlapped with WT distributions in the apical turn but were shifted toward significantly lower values (P < 5.0 × 10 −5 ) both in middle and basal turns (Fig. 6, Right) . [Ca 2+ ] i oscillations induced by exogenous ATP were not investigated in GER cells, because they superimpose to spontaneous events.
To summarize, both the amplitude and frequency of spontaneous [Ca 2+ ] i transients were drastically reduced in the basal turn and hardly affected in the apical turn of the GER. This correlates with the reduced sensitivity to ATP and the more marked reduction in the level of PIPKIγ in the basal region, suggesting that this enzyme is critical for producing the PI(4,5)P 2 pool responsible for IP 3 generation in cochlear nonsensory cells.
PIPKIγ Deficiency Causes Down-Regulation of Connexin Transcripts in
the Postnatal Cochlea. In nonexcitable cells, such as cochlear nonsensory cells, [Ca 2+ ] i controls the dynamics of gene expression through the activation of multiple transcription factors (22, 23) . A widely held hypothesis is that information is encoded mainly by the frequency of [Ca 2+ ] i oscillations (22) ; however, a possible role of amplitudes and duration in signal transduction has been discussed (24, 25) . It has also been argued that amplitude modulation and frequency modulation differentially regulate distinct targets (26) .
Our prior work with cochlear organotypic cultures had noted that [Ca 2+ ] i oscillations in nonsensory cells participate in the coordinated regulation of connexin26 (Cx26) and connexin30 (Cx30) expression through the nuclear factor-κ light chain enhancer of activated B cells (NF-κB) (27) , a thoroughly investigated Ca 2+dependent transcription factor (22, 23, 28) . These are the only connexins expressed in the organ of Corti nonsensory cells (29) , and they are essential for the cell-to-cell propagation of Ca 2+ signals (14, 17, 18) . Here we analyzed samples from (n = 8) P5 PIPKIγ +/− mice and compared mRNA levels of both connexins with the corresponding cochlear turn in (n = 8) age-matched WT controls. The residual level of Cx26 mRNA was 75% ± 7% in the apical turn, 65% ± 7% in the middle, and 65% ± 6% in the basal turn. The corresponding figures for Cx30 mRNA were 70% ± 5%, 79% ± 5%, and 67% ± 4% in the apical, middle, and basal turn, respectively. Thus, impaired IP 3 R Ca 2+ signaling in cochlear nonsensory cells due to PIPKIγ deficiency causes significant downregulation of both connexin transcripts (P < 0.005), whereas our prior work determined that deletion of either Cx26 or Cx30 impairs IP 3 R Ca 2+ signaling in cochlear nonsensory cells (17, 27) . A seemingly logical conclusion is that IP 3 R Ca 2+ signaling establishes a tight feedback loop between channel function and transcript levels of Cx26 and Cx30 in the developing cochlea.
To corroborate this conclusion, we analyzed also Cx30 +/− and Cx30 −/− mice. Note that normal auditory thresholds were reported for adult Cx30 +/− mice (30), whereas both Cx30 −/− mice (21, 30) and mice with targeted ablation of Cx26 in the inner ear (31, 32) are profoundly deaf at all tested frequencies. We also showed that whole-cochlea samples from postnatal Cx30 −/− mice have only ∼8% residual Cx26 mRNA (27) . Here we found significantly reduced levels (P < 0.001) of Cx26 (58% ± 8%) and Cx30 (54% ± 9%) in the cochlea of (n = 4) P5 Cx30 +/− mice compared with (n = 4) age-matched WT controls. The frequencies of occurrence of spontaneous [Ca 2+ ] i transients in GER cells of cochlear organotypic cultures from (n = 4) P5 Cx30 +/− mice were indistinguishable from those of (n = 4) WT controls; by contrast, frequencies in (n = 4) Cx30 −/− cultures were significantly reduced (P < 0.001) to levels resembling those of (n = 4) basal turn PIPKIγ +/− cultures (SI Appendix, Fig. S4 ). Finally, amplitudes of these spontaneous [Ca 2+ ] i transients were reduced in the middle and basal turn of Cx30 +/− cultures (P < 0.005) and in all turns of Cx30 −/− cultures (P < 0.001) (SI Appendix, Fig. S5 ).
To consolidate these findings we exploited the previously demonstrated capability of flufenamic acid, a connexin hemichannel blocker, to reversibly suppress both intercellular Ca 2+ waves (17) and spontaneous [Ca 2+ ] i transients (21) . In this study, we used a canalostomy approach for drug delivery to the inner ear via the posterior semicircular canal of WT mouse pups aged P4 or P5 (Movie S2). Four weeks after this single-shot injection, we tested hearing by recording ABRs and determined that auditory thresholds in (n = 25) mice injected with artificial endolymph (vehicle) were indistinguishable from those of (n = 12) noninjected controls; in contrast, thresholds in (n = 4) mice that had received flufenamic acid (250 μM) were significantly elevated (P < 0.05) by more than 15 dB SPL at all tested frequencies (SI Appendix, Fig. S6 ).
Discussion
This study reveals a unique hearing loss phenotype in adult PIPKIγ +/− mice at sound frequencies in excess of 20 kHz (Fig. 1) and demonstrates a key role of PIPKIγ in the inner ear and its essential function for the acquisition of hearing. It has been hypothesized that different enzymes contribute to the local control of PI(4,5)P 2 synthesis and confinement, thus generating distinct pools of PI(4,5)P 2 in the plasma membrane, each controlling specific functions (1) . On the basis of studies in platelets it has been suggested that PIPKIα and PIP5KIβ contribute to the rapid synthesis of the PI(4,5)P 2 pool required for IP 3 and diacylglycerol generation upon agonist stimulation, whereas the PI(4,5)P 2 pool synthesized by PIP5KIγ does not play a major role in this process (6) . At odds with this conclusion, inhibition of PIPKIγ expression in HeLa cells by RNA interference, although marginally reducing the total cellular PI(4,5)P 2 level, dramatically reduces IP 3 formation after histamine stimulation (33) . The present data concur with the results in HeLa cells, demonstrating that Ca 2+ signaling is selectively affected in nonsensory cells of PIPKIγ +/− and PIPKIγ −/− cochlear tissue.
Taken together, the simplest interpretation of the data presented in Figs. 2 and 3 is that reduction in gene dosage of PIPKIγ in the heterozygote causes a corresponding reduction in PI(4,5) P 2 levels in nonsensory cells of the developing cochlea. Consequently, PLC-mediated PI(4,5)P 2 hydrolysis in PIPKIγ +/− cultures more rapidly depletes a specific pool of PI(4,5)P 2 that is necessary for ATP-dependent intercellular Ca 2+ wave propagation and maintenance of [Ca 2+ ] i oscillations in nonsensory LER cells. The apparent decrease in affinity for ATP in the medial and basal turn (Fig. 3A) most likely depends on the more marked reduction in PIPKIγ in these locations (Fig. 3B) . Thus, below a critical enzyme level, PI(4,5)P 2 becomes the limiting factor, and optimal levels of IP 3 can only be produced when a larger number of P2 receptors are engaged by the ligand. This conclusion is also consistent with the reduced amplitudes of [Ca 2+ ] i oscillations evoked by 200 nM ATP (Fig. 4) , which is a nearly saturating concentration in all cochlear turns of WT cultures, but submaximal for medial and basal turn PIPKIγ +/− cultures (Fig.  3A) . Most relevant from a functional point of view, the hearing loss detected by our ABR measurements in adult PIPKIγ +/− mice maps precisely to this basal portion of the cochlea (Fig. 1) , in a region comprising part of the middle and the whole basal turn where we detected the most pronounced Ca 2+ signaling alterations ( Figs. 3-6 ).
To summarize, the results presented here demonstrate that cochlear nonsensory cells of the LER and the GER share the same PLC-and IP 3 R-dependent signal transduction cascade activated by ATP (SI Appendix, Fig. S3 ) and suggest that reduction in PIPKIγ gene dosage in the heterozygote causes a corresponding reduction in the critical pool of PI(4,5)P 2 necessary for normal Ca 2+ signaling. We can speculate that the lack of spontaneous oscillations in LER cells in these experimental conditions (unlike those of GER) is due to (i) more efficient ATP hydrolysis by ectoATPases; (ii) reduced number and/or decreased opening probability of Cx hemichannel; or (iii) a combination of these mechanisms.
PIPKIγ reduction affects not only Ca 2+ signaling directly (by reducing the precursor of IP 3 ) but also the expression of another key component of Ca 2+ signaling, the channel-forming proteins Cx26 and Cx30. Indeed, we have shown previously that genetic manipulation of these connexins strongly affects Ca 2+ signal generation and propagation (17, 21, 27) . The present results single out Cx26 and Cx30 as both targets and effectors of Ca 2+ signaling in the developing cochlea. As for the pathogenesis of deafness, our comparative analysis of PIPKIγ +/− and Cx30 +/− postnatal cultures (SI Appendix, Figs. S4 and S5) indicates that down-regulation of Cx26 and Cx30 mRNA level, by as much as ∼50%, is insufficient per se to cause hearing loss. Instead, hearing acquisition is disrupted when Ca 2+ signaling in cochlear nonsensory cells falls below a critical threshold. In Cx30 −/− postnatal cultures the criticality is imparted by the uniform deletion of Cx30 and the drastic reduction of the residual Cx26 in the sensory epithelium. Indeed, in all turns of the Cx30 −/− postnatal cochlea, IP 3 R Ca 2+ signaling in nonsensory cells is reduced to levels comparable to or lower than those of basal turn PIPKIγ +/− cochlea. As predicted, adult Cx30 −/− mice are doomed to deafness at all frequencies (21, 30) . In PIPKIγ +/− mice, the criticality is imparted by the apparent decrease in affinity for ATP only in the medial and basal turn, and the hearing defect is limited to the sound frequencies mapping in this region of the coiled sensory epithelium (Fig. 1) . The importance of connexin hemichannel functionality in the critical period of hearing acquisition is further supported by the results with the connexin hemichannel inhibitor flufenamic acid (SI Appendix, Fig. S6 ), which suppresses Ca 2+ signaling in nonsensory cells of cochlear cultures (17, 21) and causes hearing loss at all tested frequencies when delivered via canalostomy to the inner ear of mouse pups.
The severe hearing loss of Cx30 −/− mice (30) and of mice with targeted ablation of Cx26 in the inner ear (31, 32) is associated with substantial cell death affecting hair cells and supporting cells. By contrast, we did not detect morphological abnormalities in the inner ear of adult PIPKIγ +/− mice, in which hair cells, spiral ganglion neurons and nerve fiber counts were indistinguishable from WT controls (SI Appendix, Fig. S1 ). Indeed, an overall normal functioning of the neural elements that contribute to the generation of synchronized discharges along the auditory nerve and brainstem pathway is required to account for the shape of PIPKIγ +/− ABR waveforms (Fig. 1A) ; and this is also consistent with the lack of an overt neurologic phenotype in these heterozygous mice, which behave and breed normally. Evidently, complete lack of one of these two connexins, combined with the regulation mechanisms that govern their coordinated expression (27) , impacts on viability of inner ear cells more than impairment of Ca 2+ signaling due to reduction of PIPKIγ gene dosage. Further understanding how the Ca 2+ signaling defects reported here link to hearing loss in these different mouse models may prove crucial to unravel how hearing acquisition proceeds under normal circumstances, as well as to decipher the pathogenic processes underlying human hereditary deafness forms and, eventually, to test prospective therapies.
Materials and Methods
Statistical Analysis. Means are quoted ± SD, and P values are indicated by letter P. Unless otherwise stated, statistical comparisons of means were made by one-way ANOVA in conjunction with the Tukey range test.
Animal Handling. Animal handling was approved by the Ethics Committee of Padua University (Comitato Etico di Ateneo per la Sperimentazione Animale; Project 54/2009, Protocol 51731).
ABR Recordings. ABRs were used to assess hearing threshold of all mice strains used in this study.
Quantitative PCR. mRNA was extracted from freshly isolated P5 whole cochleae or from apical, middle, and basal turn, using the RNAeasy kit (Qiagen).
Ca 2+ Imaging. Signals were measured as fura-2 emission ratio changes, ΔR = RðtÞ − Rð0Þ, where t is time, RðtÞ is emission intensity excited at 360 nm divided by the intensity excited at 380 nm, and Rð0Þ indicates baseline ratio.
Immunohistochemistry and Confocal Imaging. Cochlear tissues were prepared according to standard protocols and analyzed using a confocal microscope (TCS SP5; Leica) equipped with an oil immersion objective (either 40× HCX PL APO 1.25 N.A.; Leica).
Further details are provided in SI Appendix, SI Materials and Methods. 
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